In North America, the occurrence of extreme drought events has increased significantly in number and severity. Past droughts have contributed to lower agricultural productivity in major farming and ranching areas across the United States. This study evaluates the relationship between drought indices and crop yields across the U.S. for the period 1961-2014. Several drought indices commonly used to monitor drought conditions have been calculated in order to assess the correlations with yields from the major cash crops in the country, including four Palmer-based ones and three multi-scalar ones (SPI, SPEI, SPDI). The three multi-scalar drought indices were aggregated at 1-to 12-month timescales. We quantify the similarities or differences between these drought indices using Pearson correlation coefficients. The results demonstrate that the multiscalar indices can identify drought impacts on different type of crops for a wide range of time periods. The differences of spatial and temporal distribution of the correlations depend on the crop and timescale analysed, but also can be found within the same type of crop.
Introduction
Many different natural hazards exist, but drought is recognized as one of the most costly Some studies suggest drought vulnerability in the U.S. is increasing (Carrão et The different drought indices were calculated from the mean climate series generated for each county. The multi-scalar indices (SPEI, SPI and SPDI) were calculated at timescales from 1 to 12-months. The monthly drought indices for each county were detrended using the same method that was applied for de-trending the crop yield data.
Relation between crop yields and drought indices
To analyze the relationship between the drought indices and crop yields in each county, we calculated Pearson correlation coefficients (Pearson's r). Since the month of the year when the highest correlation between the drought index and the crop yield were not known a priori, we correlated all 12 monthly series for each index with the annual yields.
Therefore, we obtained 12 correlations per index and crop. In addition, for the three multi-scalar drought indices calculated from 1-to 12-month timescales (SPI, SPEI and SPDI) we obtained 12 correlations (one for each of the monthly series) for each timescale, resulting in a total of 144 correlations for each of the three drought indices for each crop type and each county. In addition, we also identified the timescale (in the case of multi-scalar indices) and month in which the highest correlation was found within each county.
Results
Figure 2 Tables 2 through 6 show the seasonal differences in the performance of the drought indices to assess crop impacts. Figure 5 illustrates the drought timescales that were found more useful for the SPI, SPDI and SPEI.
Barley
Barley (Table 2 ). In addition, barley is most sensitive to drought conditions on short timescales (1 to 3 months) (Figure 5a ).
Corn
The highest correlations are found in the eastern Corn Belt (Illinois, Indiana and Ohio), southern Texas, southern Pennsylvania and southeastern Georgia and South Carolina. Table 3 ). In general, the strongest response for multi-scalar drought indices is found when considering the shorter (1 to 3 months) timescales (Figure 5b ).
Cotton
The areas where cotton is planted are more geographically concentrated than the other Table 5 ). Again, the Palmer drought indices show lower correlations and no well-defined seasonal patterns.
The 2-month timescale has the greatest concentration of high correlations (Figure 5d ).
The SPEI and SPDI agree with this pattern while the SPI indicates that 1-month timescale is optimal. In 91% of counties in which soybeans are planted, we found that the shorter timescales (1 to 2 months) are optimal.
Winter wheat
Winter wheat presents a well-defined area in the Southern Plains with highest correlations between annual yields and the drought indices found, while in the Atlantic Coastal Plains, West and the Midwest areas, the lowest correlations are found in the cases of the SPEI, SPI, and SPDI. The correlation values of the SPEI are slightly higher than those of the SPI and SPDI. The scZ-index shows lower correlations in comparison with the multiscalar indices, but it performs better than the other Palmer drought indices.
The scPDSI and scPMDI have higher correlations than the scPHDI (Figure 3) . March, April and May are that have the strongest response to moisture conditions, although the seasonal pattern for winter wheat is less defined than for the other crops (Figure 4 and Table 6 ). The best timescale is also more variable than in other crops (Figure 5e ). The 12-month timescale for the SPEI and SPI was found to be the most suitable in ~ 15% of counties, while for the SPDI the 1-month timescale had the highest correlations in 12.5% of the counties. In general, only 40% of the counties show that shorter timescales
(1 to 3 months) are most suitable. 
Discussion
In this paper, we assessed an appropriateness review of eleven drought indices for monitoring agricultural drought in the five main crops of the U.S. We have identified In this study we have proven that there is significant spatial variability in drought index performance, but also solid differences in the response to the drought indices amongst the different crop types. This entails that determining the best-suited drought index for a specific crop region is particularly difficult since the response to drought varies depending on the crop's sensitivity to moisture shortage and the environmental characteristics of the study region (Mavromatis, 2007) . In addition, the response of the crop to drought indices also shows strong seasonality. In general, the moisture conditions during the summer are important determinant for barley, corn, cotton and soybeans yield. Summer months correspond to heading and reproductive stages of these crop types, and in these stages, the plants would be more sensitive to water stress (Çakir, 2004; Denmead & Shaw, 1960; Zipper et al., 2016) . On the contrary, winter wheat showed a higher sensitivity to drought conditions during the spring, which corresponds to the period when winter wheat is more sensitive to water availability.
Generally, moisture conditions during shorter timescales (1 to 3 months) were more important, except for winter wheat. These conclusions are consistent with the results of previous studies. For example, Moorhead et al (2015) found that crop production of corn, soybeans and cotton was negatively impacted by drought conditions during July, suggesting a fast response to short-term precipitation deficits. Winter wheat responds in a different way since its growing season is different from the crops mentioned above.
Páscoa et al (2016) indicated in a study carried out in the Iberian Peninsula that the months that showed the strongest control of drought on wheat yield were May and June, the period that corresponds to the grain filling and ripening phases, and they showed a response to longer SPEI time-scales, since soil water availability in spring and early (2014) indicated that that the sensitivity of corn yields to drought stress in the US increased in crops associated with high vapor pressure deficits and stressed the need for considering the atmospheric evaporative demand in drought quantification. Therefore, the use of multiscalar drought indices based on both precipitation and the atmospheric evaporative demand (SPEI and SPDI) seem recommendable to better quantify drought severity in comparison to the SPI, even more so when considering the state-of-the-art climate change projections, which predict a significant drying in some of the major agricultural areas of the US toward the end of this century, which will only be enhanced by warmer conditions (Feng et al., 2017).
Conclusions
The main results of this study are:
(i) Differences exist between the performance of various drought indices used to identify drought impacts on crop yields, resulting in different temporal and spatial variations among crop types.
(ii) Multiscalar drought indices outperform uniscalar drought indices for monitoring the impact of drought on crop yields. 
